Cite this article as: Ovroutski S, Kramer P, Nordmeyer S, Cho M-Y, Redlin M, Miera O et al. Early extubation is associated with improved early outcome after extracardiac total cavopulmonary connection independently of duration of cardiopulmonary bypass. Eur J Cardiothorac Surg 2018;54:953-8. Early extubation is associated with improved early outcome after extracardiac total cavopulmonary connection independently of duration of cardiopulmonary bypass Abstract OBJECTIVES: Strict patient selection, short cardiopulmonary bypass (CPB) time and short mechanical ventilation are well-recognized aspects of optimizing the postoperative course after total cavopulmonary connection. In this study, we evaluated the influence of our early postoperative extubation strategy in our population of Fontan patients over the past 2 decades.
INTRODUCTION
Despite encouraging globally-reported results of definitive univentricular palliation for patients with a single ventricle anatomy, Fontan haemodynamics remains unphysiological, and great attention is needed to provide optimal Fontan flow and to avoid early failure. Since the introduction of the total cavopulmonary connection (TCPC), different risk factors have been described, and accordingly, selection criteria have been introduced to improve outcome and minimize incidence of early postoperative and late failure [1, 2] . In the early postoperative course after TCPC, acute reduction in ventricular preload may lead to suboptimal postoperative haemodynamics [3] . In this situation, low pulmonary vascular resistance (PVR) is the most important parameter to determine optimal Fontan haemodynamics and allow sufficient blood flow through the pulmonary vasculature, in turn resulting in adequate preload and output of the systemic ventricle, which is usually enlarged and restricted in diastolic function [2, 4] . Parameters indirectly influencing PVR, such as pulmonary artery indices and pulmonary artery pressure, and actual measurements of PVR have been studied and ranges compatible with favourable Fontan haemodynamics have been determined †The first two authors contributed equally to this study. [5] [6] [7] . Improved early postoperative results were reported even in patients with complex anatomy including heterotaxy syndrome [2, 8, 9] . Nevertheless, unfavourable early postoperative courses with prolonged pleural effusions, ascites, low cardiac output and acute Fontan failure are reported despite rigorous preoperative patient selection and optimal surgical management [6, 10] .
Cardiopulmonary bypass (CPB), which has been shown to result in oxidative stress, cytokine production, systemic inflammatory response syndrome (SIRS), fluid redistribution and pulmonary oedema or pleural effusion, may ultimately lead to an increased PVR with a consequent acute decrease in ventricular preload and subsequent cardiac output failure in Fontan patients [6, 10] . Treatment of Fontan failure is difficult, and standard principles of heart failure treatment are not applicable in the absence of a subpulmonary ventricle, where only the reduction in PVR can improve the haemodynamic situation [3, 11] . Immediate postoperative weaning from sedation and mechanical ventilation results in an increase in systemic vascular resistance and allows spontaneous breathing, which in turn results in a decrease in PVR [11] . In critical cases, however, prolonged mechanical ventilation and intensive pharmacological PVR reduction may be necessary [10, 12] . Current evidence offers only a limited number of therapeutic principles to improve Fontan haemodynamics in the early postoperative course. The effects of inhaled nitric oxide (iNO) in the treatment of early Fontan failure and late Fontan failure have been widely described [4, 12, 13] . Inhaled NO selectively decreases PVR but generally requires mechanical ventilation, which itself is unfavourable for optimal Fontan flow due to elevation of intrathoracic pressures.
Taking into account different strategies to reduce PVR, we wanted to assess in our study whether early extubation is associated with improved early postoperative outcome after TCPC.
PATIENTS AND METHODS
In this retrospective study, 211 consecutive patients who underwent a modified Fontan operation with extracardiac TCPC at our institution between 1995 and 2015 were analysed. The institutional review board and the institutional ethics committee approved the study (decision no. EA2/126/15), and individual informed consent was not considered mandatory. Preoperative and perioperative parameters as well as haemodynamic and clinical data concerning early postoperative morbidity were extracted from electronic medical charts.
Surgical technique and anaesthesia management
The surgical techniques for the extracardiac TCPC performed either with CPB (n = 190) or without CPB (n = 21) have already been described elsewhere [14, 15] . Our institutional policy for fenestrating TCPC conduits is liberal in Fontan candidates considered suboptimal such as patients with systemic right ventricle, preoperative pulmonary artery pressure >13-15 mmHg, transpulmonary pressure gradients >7 mmHg and age >4 years. There were no major changes in surgical techniques over the study period. Since the establishment of the extracardiac TCPC at our institution in 1995, early weaning from mechanical ventilation has been a principle strategy during postoperative management, but in general, patients were primarily transferred to the intensive care unit (ICU), ventilated and the timing of extubation was determined by attending physicians based on the clinical course.
The concept of fast-track extubation directly postoperatively has only been introduced in the 2nd decade of the study period. According to the fast-track strategy, extubation was always attempted in the operating theatre unless haemodynamical, surgical or anaesthesiological reasons objected to this intent (Supplemental Material, Table S1 ). Anaesthesia management was adapted accordingly. For intraoperative maintenance of anaesthesia, in addition to low-dose benzodiazepines, inhalational anaesthetics and paralytics, a short-acting opioid such as remifentanil was routinely chosen. Postoperatively, clonidine, piritramide and a titrated low-dose propofol infusion were given as required to maintain sufficient analgesia and allow spontaneous breathing. Antiemetics were routinely administered. Propofol infusion was usually ceased before or shortly after successful extubation. A continuous low-dose infusion of morphine was initiated in the ICU in addition to regular administration of non-steroidal analgesics. In stable patients, the presence of the parents was encouraged as early as appropriate.
Variables and outcomes
For analysis, the patient cohort was a priori divided into a 'fasttrack' extubation group, defined as patients extubated either in the operating theatre or < _6 h after operation, and a 'prolonged ventilation' group, defined as having mechanical ventilation for >6 h postoperatively. Extracted parameters including mean arterial pressure (MAP), mean pulmonary artery pressure (mPAP) and perfusion pressure (MAP-mPAP) during the 1st and 2nd postoperative days noted as mean values at 1, 6, 24 and 48 h postoperatively were compared between both groups. Values at the 1-h time point were collected in the first hour after the end of the operation, defined by concluded skin suture, but before extubation, in the case of extubation prior to 1 h postoperatively. In addition, variables regarding the postoperative course were extracted and analysed. Renal failure was defined as requirement of renal replacement therapy; prolonged chest drain was defined as > _10 days. Primary outcome was length of hospital stay as a surrogate marker for overall early postoperative outcome. Secondary outcomes analysed were length of ICU stay and mortality.
Statistical analysis
Statistical analysis was performed using SPSS for Windows, version 23 (IBM Corp., Armonk, NY, USA). Data did not display normal distribution as assessed using the Shapiro-Wilk test and is thus expressed as median (interquartile range) if not specified otherwise. There were very few missing data on preoperative variables as specified in the table legends. For comparative analysis between groups, the Mann-Whitney test for continuous variables and the Fisher's exact test for categorical variables were used. Correlation analysis was performed using Spearman's rank correlation. In all analyses, P-values <0.05 (2-sided) were considered statistically significant. Univariable analysis and multivariable stepwise linear regression analysis with backward selection were performed to identify risk factors for the primary outcome. All parameters with P-values < _0.25 in univariable analysis were included in the multivariable model. A total of n = 211 patients are included in the final multivariable model. For linear regression, the primary outcome variable was log-transformed due to a positively skewed distribution. Predictors were entered without transformation.
RESULTS

Preoperative patient characteristics
Patient characteristics are reported in Table 1 . A total of 193 patients were operated on in childhood (< _12 years) and 18 in adolescence or adulthood (13-42 years). The most frequent diagnoses were tricuspid atresia (n = 62, 29%), unbalanced atrioventricular septal defect (n = 35, 17%), hypoplastic left heart syndrome (n = 33, 16%), double-inlet left ventricle (n = 22, 10%), unbalanced double-outlet right ventricle (n = 21, 10%) and pulmonary atresia with intact ventricular septum (n = 11, 5%). Systemic ventricular morphology was left in 133 (63%) patients. All patients had a preoperative invasive haemodynamic evaluation. The overall preoperative haemodynamic data demonstrated accurate preoperative patient selection with a median mPAP of 11 mmHg, Nakata index of 216 mm 2 /m 2 , lower lobe index of 145 mm 2 /m 2 , oxygen saturation of 82% and a transpulmonary pressure gradient of 4 mmHg ( Table 1 ). In general, preoperative patient characteristics did not differ significantly between the fast-track and prolonged ventilation groups. The Nakata index was lower, and consequently, the frequency of patients with small central pulmonary arteries (Nakata index <200 mm 2 /m 2 ) was higher in the prolonged ventilation group (15 of 59 in the fast-track group vs 65 of 152 in the prolonged ventilation group, P = 0.02). However, significant narrowing or stenosis of the central pulmonary arteries was addressed surgically during TCPC. Additional preoperative risk factors such as heterotaxy syndrome (7 of 59 vs 35 of 152, P = 0.08), low body weight <10 kg (2 of 59 vs 19 of 152, P = 0.3), young age <2 years (9 of 59 vs 28 of 152, P = 0.3) or adolescence or adulthood >16 years (2 of 59 vs 13 of 152 P = 0.3) as well as elevated mPAP >15 mmHg (5 of 59 vs 8 of 152, P = 0.3) were not significantly differently distributed between the fast-track and prolonged ventilation groups.
Perioperative parameters and ventilation
Perioperative data are presented in Table 2 . There were no major differences regarding perioperative parameters between both groups. The median CPB time was 93 (59-143) min; in 21 patients, TCPC was performed without CPB. Creation of a fenestration was not associated with prolonged ventilation. The median duration of mechanical ventilation was 13 (6-42) h in the entire cohort. Fifty-nine patients were extubated either in the operating theatre or < _6 h after operation and were assigned to the 'fast-track' extubation group; 152 patients remained on mechanical ventilation for >6 h and were defined as the 'prolonged ventilation' group. In the prolonged ventilation group, 67 patients were ventilated for up to 48 h and 43 patients for a period of more than 48 h. A total of 101 (48%) patients received iNO. Therapy using iNO was started immediately postoperatively when extubation in the operating theatre was not intended and when the initial mPAP was >15 mmHg. In addition, iNO was generally started during the postoperative course in ventilated patients with mPAP exceeding 12-15 mmHg. Consequently, there was a correlation between prolonged ventilation and iNO requirement ( Table 3) .
Duration of CPB did not correlate with duration of mechanical ventilation (r = 0.11, P = 0.13), length of ICU stay (r = 0.13, P = 0.06) or length of hospital stay (r = 0.03, P = 0.62). Comparing the early era of the study period with the 2nd decade, when the concept of fast-track extubation has been adopted in our institution, duration of CPB did not differ significantly [median CPB time 87 min (65-118) vs 99 min (55-153), P = 0.06]. However, duration of mechanical ventilation decreased significantly in the 2nd decade of the study period [median 15 h (9-71) vs 12 h (4-32), P = 0.005].
Postoperative course
Early mortality in the entire cohort was low at 6% (12 of 211 patients). Causes of death were multiorgan failure due to early refractory Fontan failure (n = 9) and uncontrollable postoperative bleeding (n = 3). Three patients with early Fontan failure had successful Fontan take-down. Overall, patients remained in the ICU for a median of 3 (2-5) days; median total length of hospital stay was 14 (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) days. Early haemodynamic parameters (1 h postoperatively) did not differ significantly, indicating that patients in both groups had comparable haemodynamic status directly postoperatively. All other analysed postoperative parameters in the later postoperative course were significantly improved in the fast-track group, suggestive for significantly improved overall haemodynamics in these patients. After early extubation, patients demonstrated significantly lower pulmonary artery pressure, higher systemic arterial pressure, higher perfusion pressure, shorter continuation of thoracic drains, lower incidence of renal failure, shorter catecholamine requirement, shorter ICU stay and shorter hospital stay (Table 3) . Lower perfusion pressure (MAPmPAP) was in turn associated with renal failure as patients with renal failure (n = 27) had significantly lower perfusion pressure at 24 and 48 h after TCPC [42 (35-56) vs 57 (46-64) mmHg, P = 0.002 and 46 (34-58) vs 61 (51-68) mmHg, P < 0.001, respectively]. In addition, mortality was significantly lower in the fasttrack group: none of these patients died, whereas 9 of 159 patients died in the prolonged ventilation group (P = 0.006).
In univariable analysis, prolonged mechanical ventilation along with heterotaxy, right ventricular morphology and early surgical era were identified as risk factors for longer hospital stay while longer duration of CPB was not associated with increased length of stay (Table 4) . Also in multivariable analysis, prolonged mechanical ventilation was identified as independently increasing length of hospital stay, together with right ventricular morphology and early surgical era (Table 4) .
DISCUSSION
Our data indicate that early extubation may represent a primary strategy to improve early outcome after TCPC. Early extubation is associated with superior postoperative haemodynamics, reduced frequency of postoperative complications and earlier hospital discharge, whereas prolonged ventilation was identified to independently increase length of hospital stay in multivariable analysis. Furthermore, our data indicate that early weaning from mechanical ventilation may be superior to strategies aimed at reducing duration of CPB. We found no evidence that longer CPB times were associated with longer requirement of mechanical ventilation. In addition, there was no significant association of CPB time with the outcome parameters length of hospital stay and length of ICU stay, and longer duration of CPB was not a risk factor for increased length of hospital stay in the univariable analysis.
Early extubation is indicated and generally successfully performed after a variety of congenital cardiac surgical procedures using contemporary principles of anaesthesia and appropriate pain management [16, 17] . The concept of early extubation after Fontan procedure has been investigated in a few previous observational studies, which suggest that it is feasible and safe and may result in improved early postoperative course [11, 18, 19] . The results of this study add to this limited evidence, demonstrating improved haemodynamics and reduced length of hospital stay associated with early extubation after Fontan operation, whereas prolonged ventilation >6 h after TCPC was associated with a prolonged hospital stay of a median of additional 6 days.
A recent multi-institutional database study, however, did not find a significant reduction in hospital length of stay by early extubation after TCPC in a large cohort [20] . Hence, additional patient-specific or centre-specific patient management factors influencing the postoperative course might mitigate possible benefits of early extubation. Nevertheless, in that study, only Fontan patients ventilated <48 h were considered, and 70% of these patients were extubated early. Thus, it may well be that the effects of early extubation on hospital stay were not detected due to the study design and patient selection.
Parameters such as elevated mPAP, younger age at operation, the absence of fenestration and heterotaxy syndrome have 21 (10) 10 (17) 11 (7) 0.04 Fenestration (n) 81 (38) 20 (34) 61 (40) 0.4 Comparison of intraoperative parameters between patients with fast-track extubation (< _6 h) and prolonged (>6 h) duration of mechanical ventilation. Data are presented as median (IQR) or frequency (%). P-values that are considered statistically significant (<0.05) are given in bold. Procedures with aortic cross-clamp included atrioventricular valve reconstruction (n = 13), intra-arterial surgery such as enlargement of atrial communication (n = 11), aortic arch surgery (n = 2) and resection of left ventricular outflow tract obstruction (n = 2). In addition, some Fontan procedures were performed with cross-clamp during the institutional learning curve while transitioning from lateral tunnel to extracardiac Fontan modification. CPB: cardiopulmonary bypass; IQR: interquartile range.
frequently been associated with increased risk of early and late Fontan failure [2, 10, 14, 21] . Although accurate preoperative selection has been shown to be crucial for favourable early postoperative and long-term outcome after TCPC, it seems that fulfilment of the widely accepted preoperative selection criteria alone is not a sufficiently definitive predictor and individual differences may additionally influence the postoperative course [8, 14, 21, 22] . In our cohort, the necessity of prolonged ventilation was not likely to be caused by inattentive preoperative patient selection since selection criteria were generally met, and additional risk factors for unfavourable postoperative Fontan haemodynamics were evenly distributed between the groups. Though the Nakata index was slightly lower in the prolonged ventilation group, the lower lobe index did not differ significantly. Although central pulmonary artery narrowings are not uncommon in Fontan candidates, these are generally addressed surgically during TCPC completion, and the lower lobe index might consequently be more adequate to assess the overall development of pulmonary vasculature. With regard to procedural details, there was a slight difference in the distribution of procedures performed with aortic cross-clamp in the 2 groups (Table 3) . However, no significant difference was found in univariable analysis regarding the primary outcome length of hospital stay. In addition, CPB times did not differ significantly between groups. We thus conclude that these additional procedures did not have a significant influence on the overall outcome in our cohort.
Interestingly, we found the surgical era to be an additional predictor of length of hospital stay. The reasons for this finding are likely multifactorial and may reflect improvements in surgical performance as well as anaesthetic management and patient care, which were not assessed by our study. Nevertheless, multivariable analysis documents that early extubation decreases length of hospital stay independently from surgical era.
PVR is a major determinant of cardiac output and adequate postoperative circulation after TCPC, as has been described by several authors [11, 18] . Early extubation represents an important mechanism for PVR reduction in Fontan patients. By allowing spontaneous breathing, intrathoracic pressure and, thus, pulmonary resistance are reduced, resulting in improved transpulmonary blood flow and ventricular preload. In addition, avoiding prolonged ventilation minimizes the risk of potential complication, such as laryngotracheal trauma, atelectasis and pulmonary infections. [11, 18] .
Minimizing or completely avoiding CPB decreases the postbypass volume requirement and may prevent SIRS onset [23] . Because of induced inflammatory processes resulting in capillary leakage and subsequent fluid retention and oedema development with subsequently decreased pulmonary and ventricular compliance, prolonged CPB may lead to increased PVR and more frequent iNO requirement [6, 15, 24] . Increased PVR and consequently decreased pulmonary blood flow after TCPC contribute to the development of persisting pleural effusion and ascites as well as decreased ventricular preload and output failure, which might result in early Fontan failure, especially in borderline Fontan candidates [6, 10, 14] . Compensatory therapy with volume resuscitation and catecholamines is of limited effect and may further compromise the postoperative course in Fontan patients [6, 10] . Therefore, the anaesthetic regime should be carefully adapted to provide optimal analgesia but avoid prolonged deep sedation in order to maintain sufficient systemic vascular resistance and organ perfusion without the excessive use of catecholamines or volume overload [11] . Shortening of sedation allows maintenance of systemic resistance and blood pressure without additional inotropic support, which in turn may reduce functional compromise of the single ventricle myocardium. In several occasions, early extubation is impeded by early onset of SIRS or significant early deterioration of pulmonary function, systolic ventricular or, more frequently, diastolic ventricular function. Nevertheless, the only effective specific therapy in most cases of early Fontan failure remains reduction in PVR with extensive pulmonary vasodilatory therapy such as iNO or oral sildenafil and inhaled and/or intravenous prostacyclin in addition to cessation of sedation medication and mechanical ventilation.
To improve the postoperative Fontan haemodynamics by increasing ventricular preload, a conduit fenestration can be used, which has also been performed in a considerable number of our patients. The direct right-left pulmonary bypass improves ventricular preload and enables sufficient cardiac output in cases of reduced pulmonary blood flow but may lead to central hypoxaemia, thromboembolism due to the deliberate right-to-left shunt and hypoxaemia-induced pulmonary vasoconstriction [25] . In our cohort, the number of patients with fenestration did not differ significantly between the fast-track group and the prolonged ventilation group, which suggests that creation of fenestration alone is not sufficient to ensure optimal early postoperative haemodynamics but, conversely, early extubation (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . All parameters with P-values < _0.25 in univariable analysis were entered in the multivariable model. A total of 211 (n) patients are included in the final multivariable model. P-values that are considered statistically significant (<0.05) are given in bold. a Nakata index was missing in 17 patients (n). CI: confidence interval; CPB: cardiopulmonary bypass; mPAP: mean pulmonary artery pressure.
confers haemodynamic benefit. Several authors have reported that, using current pharmaceutical pulmonary vasodilatation therapy, the 2-staged TCPC can be satisfactorily completed without fenestration [6, 26] . Nevertheless, thoughtfully planned fenestrations may allow stable cardiac output, especially in borderline Fontan candidates, and can optimize their early postoperative course [27] . In general, all methods for PVR reduction that are currently available should be aggressively used to avoid early Fontan failure onset.
Limitations
This study is limited by its retrospective observational design and its restriction to a single institution. Institutional anaesthesia and extubation management have been changed during the study period. Consequently, criteria for early extubation are imprecisely defined with the decision of timing of extubation being based on the surgeon's and anaesthesiologist's judgement. This might have resulted in a selection bias towards more stable patients in the fast-track extubation group. Although clearly indicative, our retrospective data do not qualify to establish an unequivocal causal relationship of early extubation with improved early outcome. Multi-institutional controlled trials are required to confirm the benefit of early extubation protocols after TCPC.
CONCLUSIONS
Our data indicate that the concept of fast-track early postoperative extubation after TCPC may represent an important strategy to optimize early Fontan haemodynamics and to improve early postoperative outcome and that strategies aimed at reducing duration of CPB might not result in comparable haemodynamic improvements.
